ReseaRch papeR pathologic changes in the ovary, specifically the characterization of precursor lesions to malignant transformation.
Introduction
Ovarian cancer is the fourth leading cause of cancer-related death among women in the US and the most deadly of all gynecologic malignancies, resulting in 15,520 deaths in 2008.
1 Sex cord-stromal tumors (SCST) of the ovary account for 0.1-0.5% of all ovarian malignancies and have a similar presentation to early stage epithelial ovarian cancers. Differentiating benign and malignant ovarian masses prior to surgical excision and histopathological evaluation can be challenging given the lack of currently available diagnostic tools and the difficulty in evaluating potential techniques in vivo. The development of animal models for ovarian pathology provides a means of evaluating diagnostic tools and therapeutics as well as a means of understanding Determining if an ovarian mass is benign or malignant is an ongoing clinical challenge. The development of reliable animal models provides means to evaluate new diagnostic tools to more accurately determine if an ovary has benign or malignant features. although sex cord-stromal tumors (scsT) account for 0.1-0.5% of ovarian malignancies, they have similar appearances to more aggressive epithelial cancers and can serve as a prototype for developing better diagnostic methods for ovarian cancer. Optical coherence tomography (OcT) and laser-induced fluorescence (LIF) spectroscopy are non-destructive optical imaging modalities. OcT provides architectural cross-sectional images at near histological resolutions and LIF provides biochemical information. We utilize combined OcT-LIF to image ovaries in post-menopausal ovarian carcinogenesis rat models, evaluating normal cyclic, acyclic and neoplastic ovaries. eighty-three female Fisher rats were exposed to combinations of control sesame oil, 4-vinylcyclohexene diepoxide (VcD) to induce ovarian failure, and/or 7,12-dimethylbenz[a]anthracene (DMBa) to induce carcinogenesis. Three or five months post-treatment, 162 ovaries were harvested and imaged with OcT-LIF: 40 cyclic, 105 acyclic and 17 scsT. OcT identified various follicle stages, corpora lutea (cL), cL remnants, epithelial invaginations/inclusions and allowed for characterization of both cystic and solid scsT. signal attenuation comparisons between cL and solid scsT revealed statistically significant increases in attenuation among cL. LIF characterized spectral differences in cyclic, acyclic and neoplastic ovaries attributed to collagen, NaDh/FaD and hemoglobin absorption. We present combined OcT-LIF imaging in a rat ovarian carcinogenesis model, providing preliminary criteria for normal cyclic, acyclic and scsT ovaries which support the potential of OcT-LIF for ovarian imaging.
and LIF resulted in a significant decrease in the number of false positives compared with the false positive rate from each independent modality. 26 In a previous pilot study, we evaluated the use of combined OCT-LIF in VCD/DMBA treated rats (27 total rats: 34 control ovaries and 20 VCD/DMBA treated ovaries) with DMBA administration issued via a DMBA soaked suture placed within the ovary. OCT and LIF showed promise in characterizing benign and malignant ovaries, however, the treatment protocol resulted in small numbers of atypical (n = 6) and neoplastic (n = 3) ovaries. 35 In this study, we utilize combined OCT/LIF imaging to optically evaluate the ovaries in large numbers of VCD/DMBA treated and control rats to evaluate normal cyclic, acyclic and neoplastic ovaries, specifically to: (1) determine architectural features visible in OCT to differentiate these tissue categories, (2) further investigate the LIF spectral differences and (3) assess the benefit of combining information obtained with OCT and LIF.
Results
Eighty three rats (166 ovaries) were imaged with combined OCT/ LIF. OCT/LIF data from two Con/Con rats was removed from the study due to technical error during imaging. Additionally, the LIF data from one left Con/Con ovary and two left-sided (untreated) VCD/DMBA ovaries was also removed from the analysis due to technical error during LIF imaging ( Table 1) .
Histopathologic evaluation of VCD-treated ovaries demonstrated a lack of functional primary and secondary follicles that were observed in cycling control animals. Although there were some ovulatory follicles present, the majority were degenerating and there was no new follicle development. DMBA treatment was also observed to result in similar features as VCD treatment, however, infrequent primordial and primary follicles were present.
No neoplasms were identified in cycling control Con/Con or Con/DMBA rats. Neoplasm development was identified in four VCD/Con ovaries: (1) one of nine VCD-treated rats at three months (unilateral) and (2) two of nine VCD-treated rats at five months (one rat with unilateral and one rat with bilateral neoplasm development). In rats treated with VCD and subsequent DMBA, a total of thirteen neoplastic ovaries were observed: (1) five of twelve VCD/DMBA animals at three months and (2) eight of fourteen VCD/DMBA animals at five months (all unilateral). All neoplasms were sex cord-stromal type with Sertoli and Leydig
The exposure of the ovary to known carcinogens, such as 7,12-dimethylbenz[a]anthracene (DMBA), is a recently developed approach for inducing ovarian malignancies. The direct application of DMBA to the ovary has been shown to result in selective development of ovarian malignancies in both rats and mice. 2, [6] [7] [8] [9] [10] The development of a post-menopausal animal model for ovarian cancer may prove useful in evaluating diagnostic tools to aid in differentiating benign and malignant ovarian pathology and provide better understanding of features characteristic of early cancers to improve their detection. Optical coherence tomography is an emerging, non-destructive imaging modality using near-infrared light to create cross-sectional images of tissue structure with near histological resolution (2-20 µm) with the advantage of up to 2 mm penetration depth compared to other optical technologies which may only have 100 micron or less penetration. OCT has previously been used in a variety of applications, including human eye, 11, 12 gastrointestinal neoplasms, 13, 14 and gynecologic neoplasms such as ovary, [15] [16] [17] [18] [19] endometrium [18] [19] [20] and cervix. 18, 19, [21] [22] [23] [24] [25] [26] Prior studies evaluating OCT imaging of human ovarian tissue have shown promising results as a diagnostic tool for ovarian cancer, demonstrating the ability to visualize fine architectural features of both normal ovaries and ovarian malignancies ex vivo [16] [17] [18] and in vivo via laparoscopic imaging. 15, 19 Laser-induced fluorescence (LIF) spectroscopy is another nondestructive imaging modality with promising diagnostic capabilities in ovarian cancer. Tissue is illuminated with an ultraviolet to green wavelength of light, exciting fluorophores in tissue such as structural proteins including collagen, and metabolic co-factors nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD). These fluorophores in turn emit measurable autofluorescence, which provide insight into the biochemical composition of the tissue specimen. Peak emission intensities from collagen, NADH and FAD are typically seen at emission wavelengths of 390 nm, 450 nm and 550 nm, respectively. LIF has been studied in multiple pathologies, 27 including gynecologic applications such as human cervical neoplasia, [26] [27] [28] [29] [30] [31] human ovarian malignancies 16, 32 and primate models for ovarian cancer chemopreventative studies. 33, 34 Both OCT and LIF have shown promise in ovarian cancer diagnostics independently. The architectural information provided by OCT is complemented by the biochemical information provided by LIF, thus the combination of these two imaging modalities has potential to characterize ovarian malignancies with higher sensitivity and specificity than either modality alone. In a study of cervical and vulvar cancer, the combination of OCT through the luteal remnants. CL remnants are frequent and large in the cyclic ovaries and give the stroma a very heterogeneous texture. Large vascular spaces are seen in stroma of cyclic ovaries, visible as irregularly-shaped hypointense to signal-void regions with well-defined boundaries and occasional underlying shadowing artifacts ( Fig. 1 and Asterisk). Although the bursa was removed on most ovaries prior to imaging, small regions of bursal fat are still occasionally seen on the surface of the ovaries and appear as clusters of small, signal-void circles causing shadowing artifact in underlying tissue. Occasionally these structures can be seen within the ovarian stroma and correspond to stromal fat infiltration ( Fig. 2A, B, E and F) .
Acyclic ovaries (including non-neoplastic VCD/Con, Con/ DMBA and VCD/DMBA groups: n = 45 rats, 105 ovaries OCT, 103 ovaries LIF) were strikingly different from the cycling ovaries, consisting of increased stromal collagen characterized with OCT by its homogeneous, distinct pattern mimicking the random orientation of stromal collagen (Fig. 2, S) . Increased numbers of degenerating follicles were aggregated within the ovarian cortex appearing as hyperintense spotting, which resulted in a more heterogeneous texture at the ovarian cortex when present ( Fig. 2 and DF). The acyclic ovaries had significantly decreased numbers of secondary follicles (Fig. 2, SF) , Graafian follicles, CL and CL remnants (fewer in VCD treated ovaries than in Con/ DMBA ovaries). Epithelial invaginations and inclusions were more frequent in the acyclic ovaries ( Fig. 2 and Arrows), seen in OCT as well-defined signal-void clefts in the ovarian surface (invaginations) or well-defined circumscribed signal-void regions within ovarian stroma (inclusions). Increased numbers of large dilated vascular spaces deep within the stroma in acyclic ovaries cell components and were confined to the ovary, with the exception of one case which had extension into peri-ovarian fat.
OCT imaging features. Normal cyclic ovaries (Con/Con group: n = 20 rats, 40 ovaries OCT, 39 ovaries LIF) consisted of multiple follicles of varying developmental stage, multiple CL and frequent large regions of CL remnants. Secondary and Graafian follicles were frequently present in OCT imaging of the Con/Con group with well-defined, hyperintense boundaries likely corresponding to stromal collagen surrounding the follicle, an inner layer of homogeneous tissue corresponding to the granulosa cell layer, and a signal-void core representing the antrum ( Fig. 1 and G) . Follicular size depended on developmental stage. Frequently, a small, well-defined mass protruding from the follicular wall was visible within the follicle and corresponded to the oocyte and encompassing corona radiata. The zona pellucida could occasionally be visualized as a well-defined, hyperintense band surrounding the oocyte. The size of primary follicles is just within the resolution capabilities of the OCT imaging system and appears to be represented by hyperintense spotting within the ovarian cortex, likely secondary to the stromal collagen surrounding the follicles.
CL are frequently seen in OCT imaging of cycling ovaries and appear as well-circumscribed, homogeneous masses with rapid signal attenuation ( Fig. 1 and CL) likely due to the large amounts of vasculature with red blood cells within the structures being responsible for the signal absorption. Occasional luteal cysts are seen, appearing as a hypointense core within the homogeneous mass ( Fig. 2C and CL). CL remnants appear as heterogeneous clusters with regions of hypointensity corresponding to the clusters of luteal cells and intervening hyperintense bands ( Fig. 1 and Arrow) that mimic the collagen structure intervening www.landesbioscience.com cancer Biology & Therapy 3 collagenous capsules surrounding each neoplastic foci and intervening between foci. The solid tumors frequently had increased dilated vasculature in the surrounding stroma, which is thought to correspond to hypointense irregular spaces with underlying shadowing artifact in OCT ( Fig. 3A and B and Asterisk). In a few cases, solid tumor foci developed within a benign cyst ( Fig. 3C and D) , where a single solid tumor focus, appearing as a homogeneous, rapidly attenuating mass ( Fig. 3C and D , SCST), protruded into the lumen of a benign cyst, characterized by its clear, well-demarcated lining ( Fig. 3C and D and Arrow). Occasionally, the solid SCST tumors display a cystic component ( Fig. 4A and B) , which appeared in OCT as small signal-poor to are thought to correspond to hypointense irregular spaces with underlying shadowing artifact in OCT ( Fig. 2 and Asterisk). Sex cord-stromal tumors with predominantly Sertoli-Leydig cell components were identified in 3 VCD/Con treated rats (one bilateral) and 13 VCD/DMBA treated rats (n = 16 rats, 17 ovaries OCT, 17 ovaries LIF) and were classified as either solid (Fig. 3) , solid with cystic components (Fig. 4A and B) or cystic SCST ( Fig. 4C and D) . SCST were characterized with OCT as homogeneous masses with rapid signal attenuation and frequent small hypointense cystic spaces corresponding to malignant tubules (Fig. 3, SCST) . The SCSTs also display hyperintense borders (Fig. 3A and B and Arrow) corresponding to the thin Table 3 .
The ratio of 390 nm to 450 nm fluorescence emission is compared between solid regions of ConCon (normal cycling) and solid SCST. Using a cut-off of 0.7 AU, 88% sensitivity to SCST and 60% specificity to normal cycling ovaries is achieved (Fig.  5) .
Discussion
The availability of a reliable model for ovarian neoplasms may provide methods to discriminate between benign and malignant ovaries using non-destructive tools with adequate resolution to resolve fine structural features of ovarian tissue. Optical coherence tomography (OCT) and laser-induced fluorescence (LIF) spectroscopy are complementary imaging modalities, providing high resolution structural imaging and spectral signatures derived from the biochemical composition of tissue specimens, respectively. We utilize combined OCT-LIF to image the ovaries of a post-menopausal rat model of ovarian carcinogenesis. Comparison of OCT images and histopathology demonstrated that OCT could provide information on the microstructural features of cyclic, acyclic and malignant ovary consistent with features described in previous studies of both rat 35 and human ovary. [15] [16] [17] [18] [19] LIF was able to characterize spectral differences in fluorescence emission attributed to collagen, NADH/FAD and hemoglobin absorption among cyclic, acyclic and neoplastic ovaries. These findings support the potential application of OCT-LIF to distinguish a benign from a malignant ovary.
signal-void regions with poorly defined boundaries ( Fig. 4A and B and CT).
Cystic SCSTs were characterized histologically as multi-cystic masses frequently with simple epithelial lined cysts surrounded by neoplastic tissue. The cyst wall appeared homogeneous in OCT with rapid attenuation, containing visible malignant tubules ( Fig.  4C and D, MT) and increased vasculature within the surrounding stroma (Fig. 4C and D and Asterisk). The cysts appeared as signal-void regions with a sharp luminal lining when lined with simple epithelium (Fig. 4C and D and Arrows). There were also multiple cases where neoplastic tissue encroached on the cyst lining and expanded into the cyst lumen ( Fig. 4C and D, P) which could be readily visualized on OCT. A summary of these features can be found in Table 2. OCT signal attenuation. Signal attenuation compared between CL and solid SCST revealed a statistically significant (p = 0.05) increase in signal attenuation among CL.
LIF spectral comparisons. The LIF spectral curves for all treatment groups are shown in Figure 5 and a summary of the LIF features for cyclic, acyclic and malignant ovaries can be found in Table 2 . All groups and tissue types displayed two emission peaks at 390 nm and 450 nm, corresponding respectively with structural proteins (primarily collagen) and NADH content, and a dip at 420 nm, corresponding to hemoglobin absorption.
We performed comparisons of mean emission spectra at 390 nm, 420 nm and 450 nm among the five treatment groups to determine if there were differences between benign and malignant ovaries ( Table 3 ). There were statistically significant differences between solid and cystic Con/Con and SCST at 390 nm Laser induced fluorescence spectroscopy was able to successfully elucidate the biochemical compositions of normal cyclic, acyclic and SCST to provide preliminary spectral criteria for differentiating these categories. In comparisons of normal cycling ovaries and SCST, the mean emission intensities were statistically significantly different at 390 nm, 420 nm and 450 nm in both solid and cystic tissues. As the OCT criteria for solid SCST and CL are quite similar, the ability to distinguish these two entities both with signal attenuation comparisons and fluorescence spectroscopy supports the use of dual modality imaging. In comparisons of 390 nm/450 nm fluorescence emission among solid regions of normal cycling ovaries (containing the largest numbers of CL) and solid SCST, the application of a set cut-off provided a sensitivity of 88% to SCST and a specificity of 60% to normal cycling ovaries. Additionally, the ability to potentially distinguish normal follicles from cystic SCST with fluorescence spectroscopy both complements and strengthens the OCT criteria developed to distinguish these two tissue types.
The LIF spectral findings in this study are consistent with previously reported LIF spectral characterization of human ovarian The visualization of precursor lesions and early neoplastic foci is key to improving understanding of ovarian pathogenesis through the development of animal models and new diagnostic tools to differentiate benign ovarian changes from cancer. Specifically, the ability to identify a small solid tumor focus developing within a benign cyst (Fig. 3C and D) is promising. In this study and in a prior in vivo study of human ovary, 15 OCT identified epithelial invaginations and inclusions, which are thought to be precursor lesions to aggressive ovarian carcinomas. 37 The high resolution and subsurface imaging capabilities of OCT and LIF allow visualization of these lesions where they would likely be unidentifiable by any method of surface evaluation. OCT and LIF are non-destructive imaging modalities which can be packaged into a small diameter dual modality device. 36, 38 As these characteristics provide the means for in vivo imaging, future work should aim to evaluate in vivo ovarian imaging of animal models serially over time to observe tumor progression from early neoplasms or preneoplastic lesions to better characterize these lesions and further enhance understanding of ovarian tumor carcinogenesis. resulted in a higher 450 nm emission peak from the metabolic activity of the inflammatory cells. Additionally, the number of tumors in the previous fluorescence spectroscopy study of the VCD/DMBA ovarian carcinogenesis model were small (n = 3) and were a mix of epithelial and stromal tumors, which may also account for the discrepancy in fluorescence signatures. 35 Future studies will be aimed at further characterizing the fluorescence signature of larger numbers of a variety of ovarian neoplasms.
The vast majority of human ovarian malignancies are epithelial in origin. 1 The animal model used in this study expressed stromal ovarian neoplasms, specifically SCST which represent <0.5% of human ovarian malignancies. 40 There is a very large difference between the two forms of ovarian malignancy in stage at time of diagnosis; greater than 75% of epithelial ovarian neoplasms are stage III or IV at the time of diagnosis, but approximately 70% of stromal ovarian neoplasms are at stage I at the time of diagnosis due to more specific symptomology from neoplasm hormone production. 1, 40 Although this is a relatively rare cancer, the ability to distinguish an ovarian cancer from benign ovary would have significant clinical utility, particularly if it was confined to the ovary. To date no reliable rodent model of human ovarian cancer exists, so the availability of a rat model capable of providing reliable stromal tumors may be useful in characterizing the pathogenesis of these tumor types. The successful application of OCT-LIF to a rodent model of ovarian cancer providing preliminary imaging criteria to differentiate cyclic ovaries mimicking pre-menopausal human females, acyclic ovaries mimicking postmenopausal human females, and stromal neoplasms is encouraging and should also be applicable to other types of ovarian tumors as it has been evaluated in previous imaging of human epithelial ovarian carcinoma. 2, 16 Future studies will evaluate additional animal models with the intent to develop a model for epithelial ovarian cancer. Additionally, as this was a pilot study, the bilateral ovaries of a single animal were included in a given treatment group despite the fact that only the right ovary was treated with saline or DMBA, unless the ovary was found to be neoplastic, in which case it was assigned to the neoplasm group. Histological evaluation and OCT imaging showed no structural differences between the bilateral ovaries of a single rat, indicating that although the treatment was directly applied to the right ovary, the effects of the treatment appear to be systemic. However, in future studies we will treat the bilateral ovaries as dependent but separate in analysis to determine if direct treatment of one ovary has equal effects on the bilateral, untreated ovary.
An additional limitation to this study was the large spot size of the fluorescence incident light (1.25 mm) compared to the OCT lateral resolution (18 µm). Due to this discrepancy, the data are not directly comparable as the fluorescence data encompasses a much larger tissue volume than is depicted in the OCT images. Future studies will be aimed at developing focused OCT-LIF probes such that direct comparisons between OCT and LIF data can be reliably performed.
In this study, we present the successful implementation of combined OCT-LIF to image a post-menopausal rat model of ovarian stromal cancer. Comparison of OCT images and corresponding histopathology allowed for the description of (1) tissue and neoplasms, 16, 34 but are inconsistent with the results found in a prior study of fluorescence spectroscopy in a VCD/ DMBA treated rat ovarian carcinogenesis model 35 and previous studies of fluorescence spectroscopy in other types of neoplastic tissues, including cervix, colon and bladder, 27 both of which report neoplastic tissues as generally characterized by a relative increase in 450 nm emission due to increased metabolic activity and a relative decrease in 390 nm emission from collagen. Sex cord-stromal tumors have a thin collagenous capsule surrounding the neoplastic mass, which may be the source for the increased 390 nm emission. Second harmonic generation studies of the ovary show an increase in collagen as well as a change in collagen crosslinking which gives an increased signal from collagen and may also be found here. 39 These tumors are characterized as slow growing neoplasms, which may result in decreased metabolic activity and a relative decrease in 450 nm emission from NADH, specifically when compared with metabolically active cycling ovaries.
Differentiating normal follicles, epithelial inclusions and cystic SCST will also be crucial. Given the small size of most epithelial inclusions and the large spot size of the fluorescence excitation beam, we are unable to evaluate if these entities can be distinguished by fluorescence spectroscopy. Future studies will utilize focused-beam fluorescence spectroscopy to evaluate if epithelial inclusions can be distinguished from follicles and cystic neoplasms.
In previous studies of fluorescence spectroscopy in VCD/ DMBA treated rat models, DMBA exposure was accomplished by introducing a DMBA soaked suture into the ovary. This resulted in a significant inflammatory reaction which may have (seven or nine months, respectively, after the end of i.p. VCD or sesame oil dosing). Optical imaging. Ovaries were harvested at three or five months post DMBA treatment and imaged using a 2-mm diameter side-firing catheter that optically combined both the OCT and LIF subsystems, previously described in detail. 36 The OCT subsystem used a superluminescent diode source with a 1,300 nm center wavelength (D1300-HP, Superlum, Moscow, Russia) with axial and lateral resolutions of approximately 14 µm and 18 µm, respectively. The LIF subsystem used a helium cadmium laser source (Kimmon Electric, Englewood, Colorado) with a 325 nm excitation wavelength, which was chosen due to its ability to excite endogenous fluorophores NADH, FAD and collagen. Excitation light was delivered with a single multimode fiber and fluorescence emission was collected using two separate multimode fibers directed to a spectrometer equipped with a cooled charge-coupled device. The excitation power was 500 µW and integration time was 1 second. The illumination spot size was 1.25 mm. The cut off wavelength of the long pass filter was 50% transmission at 350 nm.
The OCT beam reached focus at 300 microns outside the catheter envelope and the LIF spot size at the corresponding depth was approximately 1 mm. The excitation light power on the tissue was 0.2 mW and the radiant exposure was 0.22 J/cm 2, both within American National Standards Institute maximal permissible exposure levels.
OCT images 6-8 mm lateral by 1.4 mm deep and approximately 5 corresponding LIF spectra/mm in the lateral dimension were acquired simultaneously at 625 µm increments across the dorsal surface of an ovary. A coupling agent (water-based, nonfluorescent lubricant) was used between the catheter and ovary to decrease backreflection from the air-tissue boundary. Data were acquired by a computer and analyzed using Matlab (The Math-Works, Natick, Massachusetts). Time from ovary excision to completion of imaging was less than 30 minutes.
Histology. Ovaries were fixed in Bouin's solution for 2-4 hours, transferred to 70% ethanol, dehydrated, embedded in paraffin blocks and sectioned (5 µm thickness). Every 20 th section was mounted and stained with hematoxylin and eosin (H & E).
Optical image analysis. For each animal group (Con/Con, VCD/Con, Con/DMBA and VCD/DMBA), portions of each OCT image and corresponding LIF spectra were classified into one of five histologically confirmed tissue categories: (1) bursal fat, (2) normal cyclic, (3) normal acyclic, (4) benign cyst or (5) neoplastic ovary. OCT images were compared with corresponding histology to identify architectural features associated with each of the above tissue categories. The average maximum fluorescence value was calculated among all spectra. Fluorescence spectra with maximum fluorescence values <10% of the average maximum fluorescence value were removed from analysis due to spectra being low intensity (approximately 3.5% of total fluorescence spectra). LIF spectra were peak normalized and the mean spectra were compared between animal groups/tissue categories. Statistical differences were determined using the Student's t-test. Particular attention was paid to emission peaks at 390 and 450 nm (generally associated with collagen and NADH, respectively) and a dip preliminary microstructural features of normal cyclic ovary including follicles, CL and CL remnants, (2) features of acyclic ovaries including presence of degenerating follicles, increases in stromal collagen, presence of epithelial invaginations/inclusions and vascular changes associated with VCD and DMBA treatment and (3) features of both solid and cystic SCSTs. LIF was able to characterize spectral differences in fluorescence emission attributed to collagen, NADH/FAD and hemoglobin absorption among cyclic ovaries, acyclic ovaries and SCSTs. Additionally, future ex vivo and in vivo imaging will evaluate a finer disease spectrum including normal ovary, benign cyst (simple and inclusion), cyst adenoma, borderline tumors and malignant neoplasms of epithelial origin in addition to neoplasms of stromal and germ cell origin to develop more concrete qualitative and quantitative criteria to aid with differentiation of these entities.
Materials and Methods

Animals.
Eighty three female Fisher-344 rats (age d21, Harlan Sprague Dawley) were housed by the University of Arizona Animal Care in microisolators on a 12:12 hr light/dark cycle, constant temperature and humidity, and free access to food and water per NIH guidelines and the policies of the University of Arizona Institutional Animal Care and Use Committee. The animals were allowed a seven day acclimation period before the initiating the experiment. Protocols were approved by the University of Arizona Institutional Animal Care and Use Committee. DMBA treatment. Four months subsequent to the end of VCD dosing, rats (n = 9-14/treatment-timepoint) received a single injection of either sesame oil (vehicle) or DMBA (100 µg DMBA in 10 µl, Sigma Chemical Company, St. Louis MO) under the bursa of the right ovary using a surgical approach. 2 This method was chosen to eliminate the foreign body response possibly caused by an indwelling suture, and preferentially expose the ovarian epithelium to DMBA. Anesthesia was achieved by i.p. injection of 2% Avertin (stock solution: 25 gm tribromoethanol in 15.5 ml 2-butanol; 2 ml stock in 100 ml sterile saline, Aldrich Chemical Company, St. Louis MO). The left ovary was not injected, serving as an internal control.
Animal grouping. Rats were assigned to one of four experimental groups ( Table 1) . Con/Con group (n = 22) received sesame oil by i.p. injection (2.5 ml/kg/day; 25 d) and a single ovarian injection of sesame oil (10 µl) four months after the end of i.p. sesame oil dosing. VCD/Con (n = 18) received VCD (160 mg/ kg/day i.p.; 25 d) and a single ovarian injection of sesame oil four months after VCD dosing was completed. Con/DMBA (n = 17) received sesame oil by i.p. injection (25 d ) and a single ovarian injection of DMBA (100 µg in 10 µl) four months after the end of sesame oil dosing. VCD/DMBA (n = 26) received VCD (25 d) and a single ovarian injection of DMBA four months after VCD dosing was completed. Ovaries were collected three (n = 8-12/ treatment) or five (n = 9-14/treatment) months post-surgery each structure was manually defined and the image was flattened to the assigned surface. All image columns were averaged and linear fit to the grayscale intensity. Slopes of the intensity decay profiles were averaged over all CL and neoplasms and compared with the one-tailed Student's t-test.
